On the basis of the linearized fluid forces acting on the rotor obtained directly by using the two-dimensional Navier-Stokes equations, the stability of symmetrical rotors with a cylindrical chamber partially filled with a viscous incompressible fluid is investigated in this paper. The effects of the parameters of rotor system, such as external damping ratio, fluid fill ratio, Reynolds number and mass ratio, on the unstable regions are analyzed. It is shown that for the stability analysis of fluid filled rotor systems with external damping, the effect of the fluid viscosity on the stability should be considered. When the fluid viscosity is included, the adding external damping will make the system more stable and two unstable regions may exist even if rotors are isotropic in some casIs.
INTRODUCTION
For the rotating machinery with cavity components, such as fluid-filled centrifuges and separators, fluid-cooled gas turbines, spin-stabilized satellites as well as rockets containing liquid fuels, there is an amount of fluid trapped in the cavity when the rotor rotates. The interaction between the rotating rotor and the enclosed fluid may lead to self-excited vibration or instability in a certain region of rotational speeds. The instability of rotors partially filled with fluid was first observed by Kollmann (1962) , and then theoretically explained by many researchers. The theoretical models used hitherto are basically divided into two groups: the in-viscous fluid and the viscous fluid.
In the in-viscous fluid model, one of the most important conclusions is that adding external damping on the rotor system will cause the rotor system to become unstable at any speeds. This is not in agreement with the facts that the unstable motions observed in experiments only occur in a certain range of rotational speeds and that there is a certain amount of external damping in every experimental rig. The reason for this is that the effect of the fluid viscosity is not considered. The unstable region derived from the viscous fluid model is finite, but the conclusions about the effect of external damping on the rotor stability obtained by using different solving methods do not agree with each other. For example, Hendricks and Morton (1979) showed that the external damping makes the rotor system become more unstable; but Saito and Someya (1980) ; Holm and Tr/iger (1991) showed that the external damping makes the system more stable. Therefore, there are lots of problems to be studied in the stability of the rotors partially filled with viscous fluid.
On the basis of the linearized fluid forces acting on the rotor in the two-dimensional case obtained directly by using the Navier-Stokes equations, the objectives of this paper are to investigate the stability of symmetrical rotor systems partially filled with the viscous incompressible fluid and to analyze the effects of the system parameters, such as the external damping ratio, fluid fill ratio, Reynolds number at the critical speed and mass ratio, on the stability of the fluid filled rotor system.
ROTATING VISCOUS FLUID DYNAMICS
Basically, the motion of the rotor is coupled with the fluid motion in the chamber. During the steady state operation, the rotor will be exposed to a deflection, and waves will be excited in the rotating fluid layer. These waves will produce fluid forces on the rotor which depends on the unknown whirling speed of the rotor, rotational speed, structure of the chamber and properties of the fluid. The fluid forces are incorporated into the equations of motion of the rotor, to give the conditions which must be satisfied if the instability occurs. Therefore, the key problem in analyzing the dynamics of the rotor partially filled with fluid is to obtain the fluid forces acting on the rotor.
The 
where A is the Laplacian operator, l, and p are the kinematic viscosity and the density of fluid, u and v are the velocities in the r and qS-directions, respectively, co is the whirling speed of the rotor, e is the eccentricity ratio of the chamber motion relative to the inner radius of the chamber a, p is the fluid pressure, and a is the int{er radius of the chamber, i= v/C-1. Because the zero-order solution corresponding
to the undisturbed motion of the rotating fluid can be considered as the rigid body motion which rotates at the same rotational speed of the chamber, so the zero-order solution is given by: U0 0, V0 0, P0 Pf2( r2 b2) (7) On the basis of the zero-order solution, we get the equations to be satisfied by the first-order solution, which can be expressed in non-dimensional parameters as
OVa)
The boundary conditions are
where U1 (ul/a), V1 (vl/af), Re (a2f/#), P1 (2pl/a2pQ2), R (r/a), H= (b/a), c (wife),
It is found that the forced solution of Eqs. (8)- (10), in which we are interested, should be in the form of
The corresponding boundary conditions for variable U are
After eliminating the unknown variable 1 from the Eqs. (13)- (14) and using Eq. (16), we can convert the boundary conditions in Eqs. (13) (14) into the following form. d3 d2
Equation (18) 
ROTOR SYSTEM MODEL
The rotor system may be one of the systems shown in Figure 1 . One consists of a disk with a cylindrical chamber mounted midway between the bearings on a massless uniform elastic shaft used by Wolf (1968) . The other consists of a hollow rigid rotor partially filled with fluid mounted symmetrically on the flexible supports. If only the motion of parallel mode is considered, these two rotor systems can be simplified as a signal mass-stiffness-damper system. Let the equivalent mass of the rotor system be M, the equivalent external damping be C and the equivalent stiffness coefficient of the system be K, respectively, the equations of motion of the rotor system in fixed XYZ co-ordinate Saito and Someya (1980) for the thin fluid layer, but they did not find there also exists an absolutely stable phenomenon in the case of very small H.
Effect of the External Damping Ratio, Figure 5 gives the result of the influence of external damping ratio on the unstable regions at different Recr'S and H's. When H is very large in Figure 5a , i.e., the fluid layer in the chamber is very thin, there is only one unstable region. An increase in tends to make the rotor system more stable by rapidly narrowing the unstable region. When is over a certain value, the system will be absolutely stable. This result is in good agreement with the theoretical results obtained by Saito and Someya (1980) Hayama (1985) Kaneko and Hayama (1985) .
Effect of the Mass Ratio, Ot
The mass ratio ff is the ratio of fluid mass completely filling the chamber to rotor mass. Figure 6 gives 
